Emission from field burning of agricultural crop residue is a common environmental hazard observed in northern India. It has a significant potential health risk for the rural population due to respirable suspended particulate matter (RSPM). A study on eight stage size segregated mass distribution of RSPM was done for 2 wheat and 3 rice crop seasons. The study was undertaken at rural and agricultural sites of Patiala (India) where the RSPM levels remained close to the National Ambient Air quality standards (NAAQS). Fine particulate matter (PM 2.5 ) contributed almost 55% to 64% of the RSPM, showing that, in general, the smaller particles dominated during the whole study period with more contribution during the rice crop as compared to that of wheat crop residue burning. Fine particulate matter content in the total RSPM increased with decrease in temperature. Concentration levels of PM 10 and PM 2.5 were higher during the winter months as compared to that in the summer months. Background concentration levels of PM 10 , PM 2.5 and PM 10À2.5 were found to be around 97AE21, 57AE15 and 40AE6 mg m
Introduction
Agriculture crop residue burning (ACRB) is a widespread practice, especially in the developing countries like India. Burning of crop residue has been an agricultural practice for many years due to many reasons such as: it is the cheapest mode of disposal, less time consuming and less laborious to prepare the land for further farming. It reduces the ambient air quality by producing huge amounts of aerosols in the form of particulate matter and gases into the atmosphere. [1] [2] [3] [4] [5] [6] Particulate matter is an air pollutant consisting of a mixture of particles that can be solid, liquid or both, suspended in the air for long time. Along with chemical and metal characterisation of particulate matter, [7] [8] [9] [10] [11] particle size is regarded as one of the important physical characteristics. [12] [13] [14] [15] The emitted particles have a certain falling velocity (depending on size of particles) due to the downward acting force of gravity, which is opposed by aerodynamic drag of the atmosphere. The balance between these forces is readily attained and particles remain suspended in the air for long time. 16 Hence, the smaller the size of the particles, the greater the residence/residing time. Suspended particulate matter (SPM) is the particulate having its particle's aerodynamic size varying from 0 to 100 mm. PM 10 represents the particles with an aerodynamic diameter of 10 mm or less, or, more strictly, particles which pass through a size selective inlet with a 50% efficiency cut-off at 10 mm aerodynamic diameter.
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Environmental impact
An in depth study on the distribution of respirable particulate matter generated during crop residue burning is discussed. Due to the differences in the composition and magnitude of the fine particulate matter generated from two different crops of wheat and rice, the distribution of particulates is different. During crop residue burning practices, often rice harvesting releases more PM 2.5 as compared to PM 10 . This is the first report of its kind where particle size distribution after crop residue burning is compared for two major food crops in northern India. Moreover, size distribution is in favour of PM 2.5 than PM 10 during months of crop residue burning practices as compared to non-crop residue burning periods.
suspended particulate matter (RSPM) as they are able to reach inside the respiratory tract. In an analysis reported in 1979, EPA scientists endorsed the need to measure fine and coarse particles, separately. 18 Based on the availability of a dichotomous sampler with a separation size of 2.5 mm, they recommended 2.5 mm as the cutoff point between fine and coarse particles. Because of the wide use of this cutoff point, the PM 2.5 fraction is frequently referred to as ''fine'' particles.
19 PM 10À2.5 represents the particles with an aerodynamic diameter between 10 and 2.5 mm, called the coarse fraction of PM 10 . The health impacts of the finest particulate PM 2.5 is greater because it can penetrate deep into alveolar sections of lung. 20, 21 Particulate matter from the open field burning of agricultural waste has an adverse impact on visibility, human health, and regional air quality. 22 The most conclusive evidence has been provided by cohort and time series studies that have linked elevated concentrations of PM to increased morbidity and mortality.
23-26
Assessment of PM 10 and PM 2.5 concentrations, as well as their share of total PM concentration, assumes significance from environmental and health perspectives. Although industrialization and the use of motor vehicles are overwhelmingly the most significant contributors to air pollution, biomass or crop residue burning also plays an important role in air pollution. 1, 12, 21, 27, 28 The exhaustive burning period of rice and wheat crop residues usually starts in the first or second week of October and April, respectively, and lasts over four weeks. A recently published paper by Mittal et al.
2 studied the contribution of ACRB on the concentration of SPM, sulfur oxide and nitrogen dioxide. The studies showed that RSPM has more adverse effects, 1 as RSPM alone or along with deposition, as gases enter deep inside the lungs in the alveoli region which creates hazardous effects on the lungs, heart and blood circulation. Hence, the study of RSPM is of great importance. In northern parts of India like Punjab and Uttar Pradesh, emission from field burning of agriculture crop residues is a common environmental hazard. 1, 3 In the present study, the effects of rice and wheat crop residue burning on the concentration level of RSPM and their size segregation has been carried out.
Material and methods

Study design
Sidhuwal village in Patiala district of Punjab, India was considered for the measurement of particulate matter. It is a rural/ agricultural area located between 30 21 0 N and 76 27 0 E (Fig. 1) . Measurements of mass-size distribution of aerosols have been carried out by using Anderson-1-CFM Ambient Sampler. The Anderson sampler was placed 3 meters above ground level on the roof of a school building in Sidhuwal village, located 6 km North-West (NW) of Patiala city. In order to obtain a representative sample, the sampler was positioned in such a way where there were no obstructions, like high buildings or walls, that might prevent free air flow. The site was surrounded by areas almost exclusively devoted to agriculture and has minimal traffic density. There was no heavy or small industries within a 10 km radius and the national highway was beyond the 10 km circumference from the selected position of the Anderson Sampler. The instrument was placed after considering the general trend of wind direction (NW).
Mechanism of collection
The Anderson sampler is an eight staged (0, 1, 2 .7 and F, filter holder), multi-jet, multi-stage instrument, that are held together by three spring clamps and gascated with ''O'' ring seals, which separates particulates of diameter ranging from 10 mm and above down to 0.4 mm into nine ranges. When air is drawn in through the sampler, particles are driven towards a collecting surface. By varying the velocity (orifice size of the jet), the size of particles collected in each stage is controlled. The range of particle size collected on each stage of the instrument depends on the jet velocity of the current stage and the cut off range of the previous stage. The size of the jet is constant for each stage but for each succeeding stage, the jet gets smaller. Impaction occurs when the particle's inertia overcome the aerodynamic drag. Otherwise, the particle remains in the air stream and is passed on to the next stage through the edge and so on. The number of orifice in each stage, diameter of each orifice, effective cut diameter (ECD) of each stage and range of particles size collected in each stage are shown in Table 1 .
Study period and measurements
Aerosol sampling was done for 2.5 years from August 2007 to January 2010. The study included a total of 65 samples, of which 25 were collected during 10 burning months of wheat and rice crop residues and the remaining 40 samples were collected during the 20 non-burning months during the study period of 2.5 years. Each sampling was done continually for 72 h, twice a month in non-burning months and once a week during burning months, using the Anderson sampler at a flow rate of 28 l min
À1
. Aerosol samples were taken on pre-fired ($ 2 h at 500 C), pre-desiccated and pre-weighed Whatman-quartz fibers filters (QM-A). Exposed filters were removed and dried in desiccators for 24 h and then re-weighed. From the weight differences and airflow rate, the mass as well as concentration of aerosols in ambient air were measured by prescribed standard methods.
29 For each Cumulative mass concentration corresponding to the log 2.5 gave the concentration of PM 2.5 for that particular sample. PM 10À2.5 was calculated by subtracting the value of PM 2.5 from PM 10 . Along with particulate measurements, wind direction (WD) and speed, relative humidity (RH) and temperature were also recorded. The average minimum and maximum temperatures were 11.9 C and 29.9 C, average minimum and maximum wind speeds were 0.75 km h À1 and 4.31 km h À1 , the prominent wind direction was NW and the average minimum and maximum RH was 46.1% and 83.3%, respectively.
Statistical Analysis
For statistical analysis, Statistical Package for Social Sciences (SPSS) (for windows, version 16) was used and standard methods were applied. To analyze the difference for PM at different time intervals, Paired t-test was used. Graph Pad Prism version 4 was used for plotting different types of graphs. All statistical significance tests were 2-tailed and the confidence index set at 95%. A level of p-value # 0.05 was considered to be statistically significant. Descriptive statistics were shown as mean and standard deviation.
Results and discussion
ACRB emits substantial amounts of aerosols in the form of particulate matter and other pollutants into the atmosphere.
3,32
After harvesting of crops, farmers burn the residue in open fields which varies from region to region. Open ACRB is not spread throughout the year; rather, it is typically localized/regionalized and episodic for time or season. Badrinath et al., 33 through IRS-P6 AWiFS satellite, found that exhaustive burning of rice crop residue in Indo-Gangetic Plains occurred in the month of October-November, whereas wheat crop residue burning occurred in the months of April-May. In Patiala, exhaustive burning of rice crop residues starts during the first week of October and continues up to middle of November and the wheat crop residue burning starts in the first week of April and continues up to the middle of May, as already documented by Mittal et al.,(2009) . 2 To study the contribution of ACRB, site selection and instrument installation was done in such a way that impact due to other means was minimized and in accordance with wind direction i.e., NW.
The average mass-size distribution of aerosols for different months for different ranges of particle size is given in Table 2 . It is clear from the table that concentrations of particulate matter with size in the range 0.4-1.1 mm were more comparable to all other ranges throughout the study period and particle concentrations with the size in the range 1.1-2.1 mm were found to be maximum. Monthly average values ( Table 2 ) clearly indicate that the concentration of the coarse fraction remained low in all the months in contrast to particles of fine range. During the total study period, the highest mass fractions of PM was observed in the size range of 1.1-2.1 mm and 0.7-1.1 mm, followed by 0.4-0.7 mm. Contribution of different size particulates (0 to 10 mm) vary from 8 to 17% of total PM 10 with maximum distribution of size range 1.1-2.1 mm and minimum in the size range > 9 mm. Another imperative observation was that the mass concentrations of all size range particulate matters increase abruptly in the months of October-November and April-May, which was due to exhaustive burning of rice and wheat crop residues. Fig. 2 represents the monthly average variation of PM of size between 0.0-3.3 mm on the basis of the ECD. Contribution of wheat and rice crop residue burning on the fine fraction of particulate matter is clearly observed by the highest peak value during the months of April-May and October-November (Fig. 2) .
For comparison of distribution and concentration levels of different size particulate matter during total, non-burning and burning periods, box plots ( .0 mm and > 9.0 mm have contributions of 8, 9, 9 and 10%, respectively, during burning months. The results were the same for burning and non-burning, i.e., burning does not have much effect on the contribution and distribution of different size particulate matter. Thus, it can be concluded that concentration of the PM is greatly affected by the burning practices but the total distribution of the particulate matter remains almost constant during burning and non-burning periods.
PM 10 (RSPM) concentrations
From Fig. 4 , it can be found that, there is a significant increase in the mean concentration level of RSPM in the months of October (Fig. 4) . During the study period, the overall average concentrations of PM 10 were found as 116 AE 34 mg m À3 and background (average except burning period months) concentrations were ), during which exhaustive burning of rice and wheat crop residue was being carried out. There was an increase of 66% and 51% in the concentration levels of respirable particulate matter in comparison to the background values, during rice crop residue burning and wheat crop residue burning, respectively, indicating a clear contribution from the crop residue burning to the PM 10 levels. The difference of PM 10 calculated between background and burning periods by using the paired t-test is found to be statistically significant (p < 0.001) which clearly signifies the effect of ACRB on PM 10 . It was found that the concentration levels of PM 10 generally remain below the national ambient air quality standard (NAAQS) but crossed the NAAQS level during the months of burning period.
PM 2.5 (Fine Particulate matter) concentrations
Almost the same trend was seen in the monthly mean concentration of fine fraction as that of RSPM (Fig. 4) . A high concentration was observed during October-November with the maximum in the year 2009 (100 and 147 mg m
À3
) and then in Fig. 3 Size distribution of PM for total, non-burning and burning months. There was a 78% increase in the concentration of fine particulate matter during rice crop residue burning and a 43% increase during wheat crop residue burning, in comparison to background values and the difference between burning and background concentrations is found to be statistically significant (p < 0.001).
PM 10À2.5 (Coarse Particulate matter) concentrations
The trend of coarse fraction was found to be almost the same as that of PM 10 and PM 2.5 (Fig. 4) PM levels (Fig. 4) in the rural cum residential cum agricultural area of Sidhuwal village shows a significant increase during the months of ACRB. It was observed that concentration levels of different size particulate matter cross different national and international standard limits at least one third period of the year. An increase in levels of particulate matter during ACRB months was due to the production of smoke as a result of incomplete and improper combustion of residues in open fields. In ideal combustion conditions, sufficient mixing of the fuel and combustion air takes place, along with sufficient gas-phase residence times at high temperatures. This assures a high degree of completeness of the combustion reaction which limits pollutant emissions due to incomplete combustion. Open burning due to less than ideal combustion conditions, typically produces soot and particulate matter that are visible as dense smoke. The average concentration of PM 10 was 116 mg m À3 , which is higher than the Indian NAAQS of 100 mg m À3 in 24 h for residential and sensitive areas.
Relationship between PM 2.5 , PM 10À2.5 and PM 10 The average mass concentration ratios PM 2.5 /PM 10 varied between 0.54 to 0.64 with an average of 0.58 AE 0.03 during the whole study period ( Table 2 ). The ratio of PM 2.5 /PM 10 indicates that the major part i.e., up to 63.8% of the PM 10 contained PM 2.5 . PM 10À2.5 /PM 10 ratio was found to be 0.42 AE 0.08, which is lower than PM 2.5 /PM 10 of 0.57 AE 0.03 (Table 3) , indicating a higher contribution of PM 2.5 in PM 10 . There was no significant change observed in the ratios of particulate matter during the burning periods. Different ratios of particulate matter indicate that RSPM contains more fractions of lower size particulate matter (PM 2.5 ) as compared to the coarse fraction (PM 10À2.5 ) of aerosols. This may be due to large surface area and lower settling velocity of small size particles, well supported by a number of other studies conducted in different countries.
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To find the association between the different sizes of particulate matter, linear regression among PM 2.5 , PM 10À2.5 and PM 10 was carried out and is shown in Fig. 5 . PM 2.5 and PM 10À2.5 were significantly correlated (Pearson) with PM 10 while PM 2.5 is more closely associated with PM 10 (r ¼ 0.976; p < 0.001) as compared to the association between PM 10À2.5 and PM 10 (r ¼ 0.929; p < 0.001). This was expected, because PM 2.5 (fine fraction) contributes more in PM 10 during all monitoring months irrespective of burning or non-burning episodes. Wilson and Suh (1997) also reported that PM 10 and PM 2.5 exhibit a high degree of correlation whereas the correlation between PM 10À2.5 and PM 2.5 is found to be low.
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Comparison between rice and wheat crop residue burning As observed from the study, particulate levels increase during the burning of agriculture crop residues. To find which crop residue burning contributes more to the particulate matter, average values of different size particulate matter during rice and wheat residue burning periods were calculated and are shown in Table 4 .
It was observed that PM 10 and PM 2.5 concentration levels were high (140.42 and 81.52 mg m À3 ) (Table 4 ) during rice crop residue burning periods as compared to wheat crop residue burning periods in all three years. In both burning periods, contribution of PM 2.5 in PM 10 was high (58% and 56%) as compared to PM 10À2.5 , but the fraction of PM 2.5 was 2% higher in the rice residue burning period compared to the wheat crop residue burning period. This indicates that during rice crop residue burning, PM 10 contains a higher percentage of PM 2.5 as compared to wheat crop residue burning. Moreover, the respective percentage increase compared to background levels during the rice crop residue burning is more comparable to wheat crop residue burning. Differences between rice and wheat crop residue burning periods were calculated by using the paired t-test. The total difference between the rice and wheat crop residue burning for the value of PM 10 and PM 2.5 are 4.47 and 8.84 mg m
À3
, respectively, which is statistically significant (p < 0.05). Hence, among two crop residue burning seasons, the impact of rice crop residue burning was found to be greater on the mass concentration of aerosol as compared to wheat crop residue burning.
Higher concentrations of particulate matter during rice crop residue burning as compared to wheat crop residue burning may be due to the larger quantities of rice crop residue being disposed off by open field burning, since a part of wheat crop residue is also used as fodder. This is also supported by the results given by Badrinath et al., 33 that emissions from wheat crop residues in Punjab are relatively low as compared to those from paddy fields. Moreover, burning of rice crop residue takes place in the October and November months of the winter season, when the ambient temperature is quite low (z 18 C) than that in April-May (z 31 C). This is due to the movement of the boundary layer towards a lower height, resulting in a higher concentration of PM in winter than during the burning of wheat residue in the summer months of April and May.
Seasonal variation of particulate matter
On the basis of the meteorological parameters of Patiala city, during the study period, the monthly average temperature was 23.6 AE 7 C with an average minimum temperature of 11.9 C in January 2008 and maximum temperature of 32.7 C in June 2009. From Fig. 6 it is observed that December to February were three consecutive cold months and June to August were three consecutive hot months having the maximum temperature. So as to study the seasonal variation of particulate matter and excluding the effect of burning period months (OctoberNovember and April-May), the average value of three consecutive months, December-February for winter and June-August for summer were calculated and are shown in Table 5 .
The concentration of PM 10 and PM 2.5 were higher during winter in comparison to that in the summer (Table 5 ). The ratio of PM 2.5 /PM 10 was also found to be high in the winter months as compared to in summer months. PM 10 contains a maximum of 64% PM 2.5 in winter and a maximum of 57% in summer, which indicates that the fine fraction contributes more during the winter season than in the summer season. Negative significant correlation (r ¼ À 0.660; p < 0.05) between PM 2.5 /PM 10 with temperature indicates that with a decrease in temperature, the percentage of PM 2.5 in PM 10 increases. Significant (p < 0.05) differences of 12.31 mg m À3 , 10.80 mg m À3 and 0.04 were observed in PM 10 , PM 2.5 and PM 2.5 /PM 10 between winter and summer which supports the observation that during winter months, concentration levels were higher than in summer months.
In summer, higher solar heating of the land increases the boundary layer height, which increases the ventilation coefficient and further leads to faster dispersion of aerosols. Thus, the increase in ventilation coefficient results in a decrease in the concentration of particulate matter. Thus, the dilution effect due to the increase in mixing depth and precipitation in summer reduced the concentrations of particulate matters. 38 During the winter season, low relative humidity and low solar heating of land results in slower dispersion of aerosols and a decrease in boundary height results in an increase in the concentration of particulate matter. During the winter season, there is a greater exposure risk as pollutants often get trapped in the lower layers of the atmosphere thereby resulting in high concentrations of PM. Similar results were observed by different authors in earlier studies.
39-43
Particles in the respirable range are responsible for most of the airborne particle threats to human health because of their small size range. The inhalation and deep penetration capability of these particles in the respiratory system leads to their morbidity threats. 21 Particles with a size above 2.5 mm are deposited in the nose or in the upper respiratory tract but fine particulates are small enough to bypass the screening of the nose and can penetrate in the alveoli and get deposited in the lower respiratory tract and hence are of serious concern. Health studies also suggest that fine particles (PM 2.5 ) are more harmful than coarse particles.
21,44-48
According to World Health Report (2002), 49 analysis based on particulate matter, estimates that the ambient air pollution causes about 5% of trachea, bronchus and lung cancer, 2% of cardiorespiratory mortality and about 1% of respiratory infections mortality globally. Hence, it is now a serious concern to control the particulate matter concentration.
Although the contribution to ambient aerosol from agriculture burning smoke was episodic but there is a lot of evidence which shows that health effects also occur after short-term increases in particulate air pollution, such as increased respiratory symptoms, a decrease in level of lung functions in both asthmatic and non-asthmatic children and adults and in healthy subjects without asthma.
21,50-53
Conclusions
ACRBs emit substantial amounts of aerosols that produce a momentous increase in the concentration of particulate matter that sometimes even cross the standard limits. Effects of rice crop residue burning is found to be higher in comparison to wheat crop residue burning as the fraction of fine particles in total RSPM is higher during rice crop residue burning. Seasonal variation of aerosols suggests that the percentage of PM 2.5 in PM 10 is greater in winter than in summer months. In winter months, pollutants get trapped in lower layers of the atmosphere, thereby resulting in high concentrations of particulate matter, especially fine fraction particles. Another important inference can be drawn from the non uniform segregation of different size particulate matter, that concentration of smaller size particulate matter was greater than coarse particulate matter during the course of this study. The PM 2.5 /PM 10 ratio showed that PM 2.5 contributes up to 59% of the total mass concentration of PM 10 . 
